ABSTRACT: Glycogen storage disease type III (GSD III) due to debranching enzyme deficiency presenting usually with hepatomegaly and hypoglycemia may be responsible for severe cardiomyopathy which is often fatal. Current treatment of GSD III is based on frequent high-carbohydrate meals that have no effect on the cardiomyopathy. We describe a 2-mo-old infant presenting with a familial form of GSD III complicated with cardiomyopathy. As conventional treatment was unable to improve his sister's cardiomyopathy who was deceased at age 11 mo, we proposed an experimental treatment combining the use of synthetic ketone bodies (D,L-3-OH butyrate) as an alternative energy source, 2:1 ketogenic diet to reduce glucose intake and high-protein diet to enhance gluconeogenesis. Twentyfour months after the onset of this treatment, echocardiography showed an improvement of cardiomyopathy. Growth and liver size remained normal, and no side effects were observed. Blood glucose levels remained within the normal range and insulin levels decreased. These findings show that synthetic ketone bodies as well as lowcarbohydrate, high-lipid, and high-protein diet may be a more beneficial therapeutic choice therapeutic choice for GSD III patients with cardiomyopathy. These encouraging data need to be confirmed in more GSD III patients presenting with cardiac or muscular symptoms. (Pediatr Res 70: 638-641, 2011)
G lycogen storage disease (GSD) type III (OMIM 232400) is due to glycogen debranching enzyme (GDE; EC 3.2.1.33) deficiency encoded by the AGL gene. The estimated incidence of the disease is estimated to 1:100,000 live births. The clinical forms of the disease include a predominantly hepatic form (hepatomegaly, hypoglycemia, and hypertriglyceridemia) and a muscular form (myopathy and cardiomyopathy) (1) .
Even though we are currently lacking natural history reports, glycogen storage disease type III (GSD III) is associated to a favorable outcome for the hepatic forms as the dietary management is less strict than other GSD such as GSD type I (glucose-6-phosphatase deficiency), whereas the muscular forms are associated with a high morbidity and mortality principally due to cardiomyopathy, source of cardiac failure, and sudden death (1) (2) (3) .
No consensus on GSD III management is available. However, usual recommendations include high-carbohydrate frequent meals in the day and raw cornstarch or continuous feeding in the night (4) , which prevent efficiently fasting hypoglycemia but do not influence usually the course of cardiac and muscular manifestations.
The aim of this study was to assess the potential of D,L-3-hydroxybutyrate (3OHB) along with a ketogenic and highprotein diet during 24 mo to improve the severe cardiomyopathy due to GSD III in an infant of 2 mo.
Patient. A 2-mo-old male infant of African origin presented with hypertrophic cardiomyopathy. Because of parental consanguinity and a family history of a sister deceased at age 11 mo from severe cardiomyopathy due to GSD III, the diagnosis was rapidly established at birth. His elder sister presented at age 8 mo with hypoglycemia, hepatomegaly associated with an elevation of aspartate transaminase (AST) and alanine transaminase (ALT), and hypertrophic cardiomyopathy associated with high creatine kinase (CK) levels. She was treated with frequent meals and continuous enteral feeding at night to prevent hypoglycemia. Cardiomyopathy deteriorated rapidly during the first month of treatment. Because of several episodes of tachycardia, she was treated with acebutolol. A month later, cardiomyopathy was unchanged but tachycardia resolved. She eventually died at age 11 mo from cardiac arrest.
Enzyme activity measurement displayed absent GDE activity in fresh leukocytes while molecular analysis identified a c.2157 ϩ 1GϾT homozygous splice mutation in intron 16 -17 of the AGL gene. This sequence variation has not been re-ported before but is predicted to affect the splice donor site and thus to be pathogenic.
Besides asymptomatic hypertrophic cardiomyopathy, the boy, similar to his sister, displayed hepatomegaly, fasting hypoglycemia, and hypertriglyceridemia that were managed by a conventional dietary approach with frequent meals and continuous night feeding through a nasogastric tube. A 24-h Holter-ECG recording did not show any heart rhythm disorder.
As the sister's condition worsened quickly under highcarbohydrate diet, we hypothesized that the latter may deteriorate the cardiomyopathy in GSD III by enhancing glycogen accumulation as reported in the literature (5, 6) .
Moreover, we hypothesized that high insulin secretion induced by a high-carbohydrate diet may inhibit lipolysis and thus energy availability for the heart by reducing acetyl-CoA and ketone bodies formation by fatty acid oxidation (FAO). Consequently, we decided to decrease the carbohydrate intake to limit glycogen accumulation and to increase the lipid intake to enhance FAO and ketogenesis. To maintain normal glucose levels in plasma, we proposed to enhance neoglucogenesis by increasing the availability of gluconeogenic substrates such as 
METHODS
We started the patient on a diet providing 65% of energy from lipids, 15% from protein, and 20% from glucose (for detailed composition of the diet, see Table 1 ). We used continuous feeding through a nasogastric tube during the 6 first months to avoid hypoglycemia due to the low-glucose intake. From mo 7, we introduced oral feedings, and by mo 12, the child received four meals and a night feeding. 3OHB was started at the dose of 400 mg/kg/d, given every 3 h as previously reported (7). Figure 1 displays the diet modifications during the study in carbohydrate, lipid, and protein intake expressed in % of the total energy intake (TEI) during the 24 mo of the trial, and the progressive increase of the 3OHB dose up to 800 mg/kg/d. The carbohydrate intake was dramatically reduced from 65 to 20% of the TEI (4 g/kg/d), whereas the lipid and protein intake were increased to 65% (6 g/kg/d) and 15% (3 g/kg/d) respectively.
Clinical and biological assessments took place every 3 mo including growth, liver size (clinically and by ultrasonography), liver transaminases, creatine-kinase, plasma glucose, lactate, 3-OH butyrate, acetoacetate, FFA, and serum insulin levels. Cardiac evaluation was done by ultrasonography, standard ECG, and 24-h Holter-ECG monitoring. A Z-score was calculated for each measurement of the interventricular septum.
Informed consent was obtained from the parents, and the study was approved by our Institutional Review Board (Conseil d'Ethique, NeckerEnfants Malades).
RESULTS
The diet and 3OHB treatment were well tolerated. No further hypoglycemia was observed even though the nocturnal glucose rate fell below 2 mg/kg/min during 24-mo follow-up.
Cardiomyopathy improved. Interventricular wall (IVW) thickness significantly decreased from a Z-score of 7.4 to a Z-score of 3.6 at the end of the study (Fig. 2) . However, between mo 6 and mo 14, a transient increase of the IVW thickness was observed. This coincided with a decrease in plasma ketone bodies and was reversed after an increase in 3OHB supplementation from 400 to 800 mg/kg/d. On ECG, amplitude of Q waves and Sokolow index decreased and no heartbeat disorder occurred.
Muscle tone remained normal as well as muscular strength, and the child displayed normal motor development and walked unsupported at age 12 mo. Somatic growth remained normal (at 2 y of age).
Liver size increased within the 6 first months of treatment and then remained stable during the study. Liver enzymes although elevated (2.5-fold for both ALT and AST) remained stable during the study. No change was observed in gamma glutamyl transpeptidase (gGT) and alpha-fetoprotein, and no echographic changes were found in the liver.
Creatine-kinase levels were initially elevated (520 U/L; upper reference range, 180) and increased to a maximum of 720 U/L during the first 3 mo and then decreased during the following 9 mo to the initial levels. Glucose and insulin values in plasma decreased during the trial (glucose median: 4.5 mM before and 3.8 mM after treatment; insulin: 4 mU/L before and 1.8 mU/L after treatment), whereas median lactate levels remained stable (median 1.4 mM) even though no high values were recorded before treatment opposed to what is usually observed in patients affected with GSD III. Ketone bodies (3-OH butyrate and aceto-acetate) and FFA increased in plasma as expected (Fig. 3) . Cholesterol was normal, but triglycerides values were initially elevated (cholesterol: 3 mM; upper reference range: 4.5 mM; and triglycerides: 2.9 mM; upper reference range: 1 mM) and remained stable during the study.
DISCUSSION
We report the use of synthetic ketone bodies in conjunction with a ketogenic and high-protein diet in an infant of 2 mo bearing a severe familial hepatomuscular form of GSD III complicated with cardiomyopathy and leading to early death in his sibling. We observed an improvement of the cardiomyopathy in our patient and no further heart-related complications during the 24 mo of the study. Moreover, our patient did not develop any muscular symptoms to date.
Ketogenic diet and ketone bodies supplementation resulted in permanent ketosis in our patient. D,L-3-Hydroxybutyrate has been previously successfully used to treat the cardiomyopathy in multiple acyl-CoA dehydrogenase deficiency, a fatty acid oxidation disorder associated with absence of ketosis (7). Other reports highlighted the importance of ketone bodies for heart metabolism by increasing succinate dehydrogenase activity and thus respiratory chain output (8) or their cardioprotective effects after a coronary ischemic event (9) . We hypothesize that diet and D,L-3-hydroxybutyrate thereby facilitating ATP generation from FAO and ketolysis may have contributed to the improvement of the cardiomyopathy.
The transient increase of the IVW thickness that was observed between mo 6 and mo 14 was associated with a decrease in the levels of ketosis that was corrected by the increase of D,L-3-hydroxybutyrate doses (from 400 to 800 mg/kg/d) while the diet remained unchanged. The latter suggests that ketosis may reduce the progression of cardiomyopathy.
The glucose-restricted diet led to decreased levels of insulin and possibly to a decrease in glycogen accumulation in the heart as it was shown in an animal model of GDE inhibition where high insulin and lactate levels led to an increase of 50% of glycogen storage (10) .
Plasma glucose levels remained within the normal range despite a dramatic decrease in carbohydrate intake probably due to an enhancement of gluconeogenesis by the high levels of glycerol and protein provided by the diet and to the permanent ketosis. Interestingly, in a recent report, cardiomyopathy also improved in a GSD III patient when he started receiving a protein rich diet (11) . This was also the case for muscular symptoms improving under a protein rich diet in previous reports (12, 13) .
No side effects were noted including cholesterol and triglyceride levels, which remained stable during the study. Liver size and liver enzymes remained stable and no changes were observed by ultrasonography, indicating that the diet may also be beneficial for the liver.
CK decreased but remained elevated even though there does not seem to exist any correlation between pathologic changes in the muscle and CK levels in GSD III (14) .
In conclusion, we report on a new treatment concept of GSD III with D,L-3-hydroxybutyrate, ketogenic and highprotein diet which was associated with an improvement of cardiomyopathy, a severe and fatal complication of the disease that occurred in our patient's sibling. However, as this is a single patient study, we cannot affirm that our findings are solely due to our therapeutic interventions and could not be related to the variability of the disease even within the same family. These encouraging data need thus to be confirmed in more GSD III patients with cardiomyopathy or muscular symptoms.
